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CHROMATIC DISPERSION COMPENSATION MODULE 

The field of the invention is that of chromatic 
dispersion compensation modules. The terms ''attenuation" 
and "attenuation coefficient" are used interchangeably 
5 with regard to optical fibers. 

In some wavelength division multiplexing (WDM) 
optical fiber transmission networks including line 
optical fibers in which an optical signal propagates, 
there are no means for compensating the chromatic 

10 dispersion of the line optical fibers. When the bit rate 
is low, for example 2.5 gigabits per second (Gbit/s) per 
channel, it is not necessary to compensate the chromatic 
dispersion of the line optical fibers. However, as the 
bit rate increases to high values, for example 10 Gbit/s 

15 per channel, it becomes necessary to compensate the 

chromatic dispersion and the dispersion slope of line 
optical fibers. A line optical fiber generally has 
positive chromatic dispersion and positive dispersion 
slope. Consequently, a chromatic dispersion compensating 

20 optical fiber will generally have negative chromatic 

dispersion and negative dispersion slope. The chromatic 
dispersion compensation optical fiber can be integrated 
into a chromatic dispersion compensation module. The 
spectral range within which chromatic dispersion is to be 

25 compensated can include one or more of bands C, L and S. 

The optical signal propagates in the chromatic 
dispersion compensation optical fiber. As it propagates 
in the chromatic dispersion compensation optical fiber, 
the optical signal is liable to deteriorate, for example 

30 to suffer a decrease in the signal-to-noise ratio or an 
increase in non-linear effects. A chromatic dispersion 
compensation module for compensating the chromatic 
dispersion of a segment of line optical fiber, which is 
usually several tens of kilometers (km) long, generally 

35 has insertion losses that are relatively high, of the 

order of several decibels (dB) . Because of the magnitude 
of its insertion losses, the chromati^i dispersion 
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compensation module is generally placed at the center of 
a two-stage amplifier system, i.e. between two 
amplifiers . 

For the two- stage amplifier system to have a good 
5 optical signal-to-noise ratio and gain across the 

spectrum that is flat, the two-stage amplifier system 
presents a first amplifier with high gain, which yields 
high optical power at the output of the first amplifier, 
and it presents losses between the two amplifiers at a 

10 level that is fixed. 

The chromatic dispersion compensation optical fiber 
integrated into the chromatic dispersion compensation 
module is a high-order mode (HOM) multimode optical fiber 
which has a very large effective area, for example of the 

15 order of 80 square micrometers (/xm^) , which makes it much 
less sensitive to non-linear effects than a single-mode 
optical fiber; however, HOM multimode optical fibers 
nevertheless have some sensitivity to non-linear effects. 
To preserve good optical signal transmission quality it 

20 can be beneficial to limit the optical power input into 
an HOM multimode chromatic dispersion compensation 
optical fiber. To achieve this, an attenuator can be 
placed between the first amplifier and the chromatic 
dispersion compensation module. The attenuator also 

25 controls the flatness of the gain across the spectrum. 
The attenuator can be replaced by a wavelength routing 
component or by any other optical component that has 
losses and can therefore, like an attenuator, limit the 
optical power input into the chromatic dispersion 

30 compensation module. 

The problem is to produce a chromatic dispersion 
compensation module offering the best possible quality. 
The cost of a chromatic dispersion compensation module 
based on HOM multimode compensation optical fiber is 

35 relatively high because it includes the cost of the mode 
converters situated at the upstream and downstream ends 
of the HOM multimode compensation optical fibers. 



However, this kind of compensation module can be more 
effective than a compensation module based on single-mode 
compensation optical fiber, because of the very highly 
negative values of the chromatic dispersion of the 
compensation optical fiber and because of the much 
greater ability of HOM multimode fibers with a very large 
effective area to withstand non-linear effects. 

One prior art compensation module is based on the 
use of an HOM multimode compensation optical fiber that 
does not have a very highly negative value for chromatic 
dispersion, in order to be able to achieve a chromatic 
dispersion to dispersion slope ratio that is sufficiently 
high to compensate not only the chromatic dispersion but 
also the dispersion slope of the line optical fiber. A 
drawback of that first prior art is that it does not 
fully obtain the benefits of the very highly negative 
values of chromatic dispersion that HOM multimode optical 
fibers can achieve. Another drawback of that first prior 
art is its poor multiple path interference (MPI) 
performance, although it has good performance in terms of 
insertion losses. Using Bragg grating converters on 
compensation optical fibers has the advantage of reducing 
the insertion losses but the disadvantage of poor MPI. 
In conclusion, the improvement in insertion losses 
degrades ability to withstand non-linear effects. 

A second prior art compensation module is based on 
the use of a combination of an HOM multimode compensation 
optical fiber having a very highly negative value of 
chromatic dispersion together with a single-mode 
compensation optical fiber in order to obtain a chromatic 
dispersion to dispersion slope ratio that is sufficiently 
high for the compensation optical line to compensate not 
only the chromatic dispersion but also the dispersion 
slope of the line optical fiber. One drawback of that 
prior art is its complex design and the resulting 
complexity of the process of fabricating the compensation 
module. Another drawback is that it does not provide 



compensation in a very wide spectral band. A further 
drawback is that it loses to at least some degree an 
essential advantage of HOM multimode compensation optical 
fibers, namely their large effective area, as a result of 
associating them with a single-mode compensation optical 
fiber whose effective area is much smaller. Moreover, 
high losses occur at the connection between the HOM 
multimode compensation optical fiber and the single-mode 
compensation optical fiber, which further increases the 
already high insertion losses; indeed, the presence of a 
connector is unavoidable, which does not apply to the 
junction between two HOM multimode compensation optical 
fibers. In conclusion, improving the ability to 
withstand non- linear effects increases the complexity of 
the module and degrades insertion losses. 

The object of the invention is to propose a high 
quality chromatic dispersion compensation module fully 
exploiting the benefits of HOM multimode optical fibers. 
To this end, the compensation module of the invention 
does not contain any single-mode optical fiber. However, 
the question then arises: how is the quality of a 
chromatic dispersion compensation module to be evaluated? 

Prior art methods of improving the quality of a 
compensation module are based on unilaterally improving a 
parameter that is partially representative of the quality 
of the compensation module. Unilaterally improving only 
one parameter that is partially representative of the 
quality of the compensation module, whether that 
parameter be insertion losses or non-linear phase, has 
two consequences. Firstly, it increases the cost of the 
compensation module. Secondly, it tends to degrade the 
other parameter that is partially representative of the 
quality of the compensation module, so the quality of the 
compensation module is improved less than desired, and 
possibly only little or not at all. 

The method of the invention of improving the quality 
of a compensation module is completely different. 
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^ Firstly, it creates a quality criterion which is globally 
representative of the quality of a compensation module 
and which integrates, with appropriate weighting, the 
contribution of the insertion losses and the contribution 
5 of the non-linear effects. The contribution of the 
insertion losses corresponds to the conventional 
insertion losses except that it is related to full 
compensation of the line optical fiber, while the 
contribution of the non-linear effects is reflected in a 

10 non-linearity criterion related to but separate from the 
non-linear phase. The non-linearity criterion is 
obtained by judicious simplification of the non-linear 
phase to take account of the constant nature of the 
losses between the two amplifiers of the two-stage 

15 amplification system. Optimizing this novel quality 
criterion either significantly improves the insertion 
losses without excessively degrading ability to withstand 
non-linear effects, and thus globally improves the 
quality of the compensation module, or significantly 

20 improves ability to withstand non- linear effects without 
excessively degrading the insertion losses, and thus 
globally improves the quality of the compensation module. 

According to a first aspect of the invention, the 
quality of the compensation module of the invention as 

25 measured by the novel quality criterion previously 

described is high. To obtain not only a very highly 
negative value for chromatic dispersion but also a 
chromatic dispersion to dispersion slope ratio that is 
not only sufficiently high but also highly linear as a 

3 0 function of wavelength, the number of core segments in 

the core of the compensation optical fiber is preferably 
relatively high. In an application with relatively few 
channels in a spectral band, where linearity can be 
sacrificed to some degree, compensation optical fibers 

35 whose core comprises few core segments are acceptable. 

According to a second aspect of the invention, the 
compensation module of the invention uses at least one 
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compensation optical fiber whose core comprises a large 
number of core segments in order to be able to reconcile 
a very highly negative value of chromatic dispersion and 
a chromatic dispersion to dispersion slope ratio that is 
5 not only high but also has good linearity as a function 
of wavelength. The core segments are preferably 
rectangular, as in the examples described hereinafter; 
the core segments can also nevertheless be triangular or 
alpha-shaped; likewise, some core segments can have one 
10 particular shape and other core segments a different 
shape . 

The first aspect of the invention therefore proposes 
a compensation module design method and two compensation 
modules, one suited to compensating a standard single- 
15 mode line optical fiber (SMF) and the other suited to 
compensating a non-zero dispersion shifted single-mode 
line optical fiber (NZ-DSF) . The second aspect of the 
invention therefore proposes two compensation modules, 
one suited to compensating a standard single-mode line 
20 optical fiber and the other suited to compensating a non- 
zero dispersion shifted single-mode line optical fiber. 

In the first aspect of the invention, there is 
provided a method of designing a chromatic dispersion 
compensation module, 
25 said module being adapted to comprise, 

an enclosure including an input terminal and an 
output terminal, 

a higher-order mode chromatic dispersion 
compensation optical line situated inside the enclosure 
30 and disposed between the input terminal and the output 
terminal, the line comprising one or more HOM multimode 
chromatic dispersion compensation optical fibers in 
series and not comprising any single-mode optical fiber, 

an input mode converter for converting the 
35 fundamental mode into said higher order mode, situated 
between the input terminal and the compensation optical 
line. 
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an output mode converter for converting said higher 
order mode into the fundamental mode, situated between 
the compensation optical line and the output terminal, 

said module being adapted to be inserted by means of 
5 the input and output terminals into a transmission line 
comprising a single-mode line optical fiber adapted to 
transmit information in a spectral domain of use, 

the input terminal and the input mode converter 
together introducing into the transmission line an input 
10 loss Fin expressed in dB, 

the output terminal and the output mode converter 
together introducing into the transmission line an output 
loss Tout expressed in dB, 

additional connections, if any, between compensation 
15 optical fibers together introducing into the transmission 
line a connection loss Pinter expressed in dB, 

the compensation optical fiber or the set of 
compensation optical fibers in series presenting, at a 
wavelength of 1550 nanometers (nm) , a plurality of 
20 average parameters including an average coefficient of 
attenuation aocF expressed in decibels per kilometer 
(dB/km) , an average chromatic dispersion Ddcf expressed in 
picoseconds per nanometer-kilometer (ps/nm-km) and that 
is negative, an average dispersion slope Sdcf expressed in 
25 picoseconds per nanometer squared-kilometer (ps/nm^-km) 

and that is negative, an average chromatic dispersion to 
dispersion slope ratio Ddcf/Sdcf expressed in nm, an 
average figure of merit FOMdcf defined as -Ddcf/ocdcf 
expressed in picoseconds per nanometer-decibel 
30 (ps/nm-dB) , an average effective area Aeff expressed in 
/xm^, and an average second order coefficient 112 of the 
refractive index as a function of the intensity expressed 
in 10'^^ square meters per watt (m^/W) , 

the average chromatic dispersion to dispersion slope 
35 ratio being the ratio between the average chromatic 
dispersion and the average dispersion slope, 

the average figure of merit being the negative of 
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the ratio between the average chromatic dispersion and 
the average coefficient of attenuation, 

the average coefficient of attenuation in the case 
of a single compensation optical fiber being lumped with 
the corresponding coefficient of attenuation of said 
single compensation optical fiber and in the case of a 
set of compensation optical fibers in series, the average 
coefficient of attenuation is equal to the sum of the 
corresponding attenuation coefficients of the various 
compensation optical fibers weighted by their respective 
contributions to the total series length of the 
compensation optical fibers plus the ratio of the 
connection loss divided by said total length, 

each of said other average parameters in the case of 
a single compensation optical fiber being lumped with the 
corresponding parameter of said single compensation 
optical fiber and each of said other average parameters 
in the case of a set of compensation optical fibers in 
series being the arithmetic mean of the corresponding 
parameters of the various compensation optical fibers 
when weighted by the respective lengths of said various 
compensation optical fibers, 

said module being adapted to present insertion 
losses IL expressed in dB, 



^ DCF ^ ^ in ^ ^ out 

^DCF 



Where = -^-c^nrr + T, +r 



and where Ddcm represents the negative of the 
cumulative dispersion of the line optical fiber, said 
module being adapted to have a non-linearity criterion 
NLC representing the effects of the non- linear phase and 
expressed in 10'^ kilometers per watt-decibel (km/W-dB) , 



^^^^ 1 00 -n, -(1-10^^^^"^-) 
where NLC = = / 

A^^-a^cF'^O'^ 

said module being adapted to present a quality 
criterion CQ expressed in dB, 
where CQ = IL+ lOlogNLC , 



said design method including an optimization step 
for optimizing said module, said optimization step 
consisting in reducing the quality criterion. 

In the first aspect of the invention, to compensate 
a standard single-mode line optical fiber, there is also 
provided, 

a chromatic dispersion compensation module 
comprising, 

an enclosure including an input terminal and an 
output terminal, 

a higher-order mode chromatic dispersion 
compensation optical line situated inside the enclosure 
and disposed between the input terminal and the output 
terminal, the line comprising one or more HOM multimode 
chromatic dispersion compensation optical fibers in 
series and not comprising any single-mode optical fiber, 

an input mode converter for converting the 
fundamental mode into said higher order mode, situated 
between the input terminal and the compensation optical 
line , 

an output mode converter for converting said higher 
order mode into the fundamental mode, situated between 
the compensation optical line and the output terminal, 

the module being adapted to be inserted by means of 
the input and output terminals into a transmission line 
comprising a standard single-mode line optical fiber 
adapted to transmit information in a spectral domain of 
use, 

the input terminal and the input mode converter 
together introducing into the transmission line an input 
loss Fin expressed in dB, 

the output terminal and the output mode converter 
together introducing into the transmission line an output 
loss Tout expressed in dB, 

additional connections, if any, between compensation 
optical fibers together introducing into the transmission 
line a connection loss Pinter expressed in dB, 
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the compensation optical fiber or the set of 
compensation optical fibers in series presenting, at a 
wavelength of 1550 nm, a plurality of average parameters 
including an average coefficient of attenuation aocp 
5 expressed in dB/km, an average chromatic dispersion Ddcf 
expressed in ps/nm-km and that is negative, an average 
dispersion slope Sdcf expressed in ps/nm^-km and that is 
negative, an average chromatic dispersion to dispersion 
slope ratio Ddcf/ Sdcf expressed in nm, an average figure of 
10 merit FOMqcf defined as -Ddcf/ocdcf expressed in ps/nm-dB, an 
average effective area Aeff expressed in /im^, and an 
average second order coefficient n2 of the refractive 
index as a function of the intensity expressed in 

lo-'Ww, 

15 the average chromatic dispersion to dispersion slope 

ratio being the ratio between the average chromatic 
dispersion and the average dispersion slope, 

the average figure of merit being the negative of 
the ratio between the average chromatic dispersion and 

20 the average coefficient of attenuation, 

the average coefficient of attenuation in the case 
of a single compensation optical fiber being lumped with 
the corresponding coefficient of attenuation of said 
single compensation optical fiber and in the case of a 

25 set of compensation optical fibers in series, the average 
coefficient of attenuation is equal to the sum of the 
corresponding attenuation coefficients of the various 
compensation optical fibers weighted by their respective 
contributions to the total series length of the 

30 compensation optical fibers plus the ratio of the 
connection loss divided by said total length, 

each of said other average parameters in the case of 
a single compensation optical fiber being lumped with the 
corresponding parameter of said single compensation 

35 optical fiber and each of said other average parameters 
in the case of a set of compensation optical fibers in 
series being the arithmetic mean of the corresponding 
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parameters of the various compensation optical fibers 
when weighted by the respective lengths of said various 
compensation optical fibers, 

the module having insertion losses IL expressed in 

dB, 

where /L = ^^-a^^^ -hT,,, 

^DCF 

and where Dqcm = -1360 ps/nm, 

the module having a non-linearity criterion NLC 
representing the effects of the non-linear phase and 
expressed in 10"^km/W-dB, 



where NLC = = , 

^iijf ^DCF 

the module having a quality criterion CQ expressed 

in dB, 

where CQ = 1L+ lOlogNLC , and 

the compensation optical fiber or the set of 
compensation optical fibers in series presenting: 
firstly, an average chromatic dispersion more negative 
than -200 ps/nm-km, secondly, an average chromatic 
dispersion to dispersion slope ratio in the range 24 0 nm 
to 400 nm, and thirdly, an average chromatic dispersion 
sufficiently negative for the quality criterion to be 
less than 9.5 dB . 

In the first aspect of the invention, in order to 
compensate a non-zero dispersion shifted single-mode line 
optical fiber, there is further provided a chromatic 
dispersion compensation module comprising, 

an enclosure including an input terminal (41) and an 
output terminal, 

a higher-order mode chromatic dispersion 
compensation optical line situated inside the enclosure 
and disposed between the input terminal and the output 
terminal, the line comprising one or more HOM multimode 
chromatic dispersion compensation optical fibers in 
series and not comprising any single-mode optical fiber. 



an input mode converter for converting the 
fundamental mode into said higher order mode, situated 
between the input terminal and the compensation optical 
line, 

an output mode converter for converting said higher 
order mode into the fundamental mode, situated between 
the compensation optical line and the output terminal, 

the module being adapted to be inserted by means of 
the input and output terminals into a transmission line 
comprising a single-mode non-zero (at 1550 nm) dispersion 
shifted line optical fiber adapted to transmit 
information in a spectral domain of use, 

the input terminal and the input mode converter 
together introducing into the transmission . line an input 
loss Fin expressed in dB, 

the output terminal and the output mode converter 
together introducing into the transmission line an output 
loss Tout expressed in dB, 

additional connections, if any, between compensation 
optical fibers together introducing into the transmission 
line a connection loss Pinter expressed in dB, 

the compensation optical fiber or the set of 
compensation optical fibers in series presenting, at a 
wavelength of 1550 nm, a plurality of average parameters 
including an average coefficient of attenuation ancF 
expressed in dB/km, an average chromatic dispersion Ddcf 
expressed in ps/nm-km and that is negative, an average 
dispersion slope Sdcf expressed in ps/nm^-km and that is 
negative, an average chromatic dispersion to dispersion 
slope ratio Ddcf/Sdcf expressed in nm, an average figure of 
merit FOMdcf defined as -Ddcf/ocdcf expressed in ps/nm-dB, an 
average effective area Agff expressed in /im^, and an 
average second order coefficient n2 of the refractive 
index as a function of the intensity expressed in 
IQ-^W/W, 

the average chromatic dispersion to dispersion slope 
ratio being the ratio between the average chromatic 
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dispersion and the average dispersion slope, 

the average figure of merit being the negative of 
the ratio between the average chromatic dispersion and 
the average coefficient of attenuation, 
5 the average coefficient of attenuation in the case 

of a single compensation optical fiber being lumped with 
the corresponding coefficient of attenuation of said 
single compensation optical fiber and in the case of a 
set of compensation optical fibers in series, the average 

10 coefficient of attenuation is equal to the sum of the 
corresponding attenuation coefficients of the various 
compensation optical fibers weighted by their respective 
contributions to the total series length of the 
compensation optical fibers plus the ratio of the 

15 connection loss divided by said total length, 

each of said other average parameters in the case of 
a single compensation optical fiber being lumped with the 
corresponding parameter of said single compensation 
optical fiber and each of said other average parameters 

20 in the case of a set of compensation optical fibers in 
series being the arithmetic mean of the corresponding 
parameters of the various compensation optical fibers 
when weighted by the respective lengths of said various 
compensation optical fibers, 

25 the module having insertion losses IL expressed in 

dB, 

where IL = ^^^'^^ • a^^F + ^om ^'^^ where 

^DCF 

Ddcm = -6 80 ps/nm, 

the module having a non-linearity criterion NLC 
3 0 representing the effects of the non- linear phase and 
expressed in 10'^km/W~dB, 



Kirn lOO-^^-O-lO"'^^'^^") 
where NLC = ^-^^ , 

the module having a quality criterion CQ expressed 

in dB, 



14 



where CQ = IL -h lOlogNLC , 

and the compensation optical fiber or the set of 
compensation optical fibers in series presenting: 
firstly, an average chromatic dispersion more negative 
than -250 ps/nm-km and, secondly, an average chromatic 
dispersion sufficiently negative for the quality 
criterion to be less than 5.5 dB . 

Although less pertinent in the context of use with 
an amplification and compensation system other than the 
two-stage amplification and compensation system described 
above, the quality criterion remains valid and useful. 
The invention is not restricted to a two- stage 
amplification and compensation system of the type 
described above. The very low, and therefore very good, 
quality criterion values obtained with compensation 
modules of the invention make it possible to envisage 
using compensation modules of the invention in an 
amplification and compensation system including only one 
amplifier and no attenuator, in which case the 
compensation module of the invention would be situated 
downstream of the amplifier. This would also be possible 
in an amplification and compensation system including 
only one amplifier, either with an attenuator between the 
amplifier and the compensation module or, if there is no 
attenuator, with the compensation module upstream of the 
amplifier . 

In the second aspect of the invention, in order to 
compensate a standard single-mode line optical fiber, 
there is further provided a chromatic dispersion 
compensation module comprising, 

an enclosure including an input terminal and an 
output terminal, 

a higher-order mode chromatic dispersion 
compensation optical line situated inside the enclosure 
and disposed between the input terminal and the output 
terminal, the line comprising one or more HOM multimode 
chromatic dispersion compensation optical fibers in 
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series and not comprising any single-mode optical fiber, 

an input mode converter for converting the 
fundamental mode into said higher order mode, situated 
between the input terminal and the compensation optical 
5 line, 

an output mode converter for converting said higher 
order mode into the fundamental mode, situated between 
the compensation optical line and the output terminal, 

the module being adapted to be inserted by means of 
10 the input and output . terminals into a transmission line 
comprising a standard single-mode line optical fiber 
adapted to transmit information in a spectral domain of 
use, and 

the compensation optical fiber or at least one of 
15 the compensation optical fibers in series having a core 
having at least five core segments, to which core 
cladding is added, so that said optical fiber having a 
core with at least five core segments simultaneously has, 
at a wavelength of 1550nm, chromatic dispersion more 
20 negative than -300 ps/nm-km and a chromatic dispersion to 
dispersion slope ratio greater than 200 nm. 

In the second aspect of the invention, in order to 
compensate a non-zero dispersion shifted single-mode line 
optical fiber, there is further provided a chromatic 
25 dispersion compensation module comprising, 

an enclosure including an input terminal and an 
output terminal, 

a higher-order mode chromatic dispersion 
compensation optical line situated inside the enclosure 
3 0 and disposed between the input terminal and the output 
terminal, the line comprising one or more HOM multimode 
chromatic dispersion compensation optical fibers in 
series and not comprising any single-mode optical fiber, 
an input mode converter for converting the 
3 5 fundamental mode into said higher order mode, situated 
between the input terminal and the compensation optical 
line , 
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an output mode converter for converting said higher 
order mode into the fundamental mode, situated between 
the compensation optical line and the output terminal, 

the module being adapted to be inserted by means of 
5 the input and output terminals into a transmission line 

comprising a single-mode non-zero (at 1550 nm) dispersion 
shifted line optical fiber adapted to transmit 
information in a spectral domain of use, and 

the compensation optical fiber or at least one of 
10 the compensation optical fibers in series having a core 
having at least four core segments, to which core 
cladding is added, so that said optical fiber having a 
core with at least four core segments simultaneously has, 
at a wavelength of ISSOnm, chromatic dispersion more 
15 negative than -300 ps/nm-km and a chromatic dispersion to 
dispersion slope ratio greater than 80 nm. 

The second aspect of the invention is not restricted 
to a two-stage amplification and compensation system of 
the type described above . 

2 0 The invention will be more clearly understood and 

other features and advantages will become apparent in the 
light of the following description and the accompanying 
drawings, which are provided by way of example, and in 
which : 

25 - Figure 1 is a diagram showing an example of a 

transmission line integrating a compensation module of 
the invention; 

- Figure 2 is a diagram showing an example of a 
compensation module of the invention; 

30 - Figure 3 is a table comparing the relative 

performance of prior art compensation modules and 
examples of compensation modules of the invention in the 
case of compensating a standard single-mode line optical 
fiber; 

3 5 - Figure 4 is a table comparing the relative 

performance of prior art compensation modules and 
examples of compensation modules of the invention in the 



case of compensating a non-zero dispersion shifted 
single-mode line optical fiber; 

- Figure 5 is a diagram showing a family of curves 
plotting the variation in the quality criterion as a 
function of the figure of merit of the compensation 
optical fiber at a chosen constant chromatic dispersion 
for the compensation optical fiber in the case of 
compensating a standard single-mode line optical fiber; 

- Figure 6 is a table setting out absolute radius 
and maximum index difference values for a few examples of 
HOM multimode compensation optical fiber profiles used in 
a compensation module of the invention; 

- Figure 7 is a table setting out other properties 
of the HOM multimode compensation optical fiber profiles 
shown in Figure 6 ; 

- Figure 8 is a diagram showing an example of a core 
profile with four core segments of an HOM multimode 
compensation optical fiber used in a compensation module 
of the invention; and 

- Figure 9 is a diagram showing an example of a core 
profile with five core segments of an HOM multimode 
compensation optical fiber used in a compensation module 
of the invention. 

Parameters and criteria that are used throughout the 
remainder of the text are defined next. There are two 
situations to consider: either the module comprises a 
single compensation optical fiber, which fiber has 
parameters, or the module comprises a plurality of 
compensation optical fibers in series, constituting a set 
of fibers which has average parameters. For simplicity, 
in all of Figures 1 to 9 the compensation module is 
considered to comprise only one compensation optical 
fiber and the qualifier '"average" in the definition of 
the parameters may be disregarded. 

When the compensation module comprises only one 
compensation optical fiber, the module has the great 
advantage that its design and fabrication are simplified. 
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When the compensation module comprises a plurality 
of compensation optical fibers from the same family, i.e. 
either a plurality of segments taken from one and the 
same compensation optical fiber or from different 
production runs of the same compensation optical fiber, 
and therefore subject to slight differences caused by 
fabrication tolerances, and once the optical fibers are 
matched and assembled together, the fibers provide some 
properties that are defined with great accuracy, despite 
wider fabrication tolerances, for example more accurate 
compensation of the dispersion slope or the chromatic 
dispersion to dispersion slope ratio of the line optical 
fiber. The compensation optical fibers of the same 
family are preferably connected together directly, but 
they could be connected together by means of connectors . 
The compensation module has the advantages of simplicity 
of design and of improvement to some of its properties. 

When the compensation module comprises a plurality 
of separate compensation optical fibers that are matched 
and assembled together, they provide compensation over a 
very wide spectral band, i.e. over at least two of the 
spectral bands S, C and L. The S, C and L spectral bands 
respectively range from approximately 1460 nanometers 
(nm) to approximately 153 0 nm, from approximately 153 0 nm 
to approximately 1565 nm, and from approximately 1565 nm 
to approximately 1615 nm. However, the compensation 
module then has the drawback that it is difficult to 
design and produce. In the second prior art modules, the 
use of the combination of an HOM multimode compensation 
optical fiber and a single-mode compensation optical 
fiber with a very large effective area resulting from the 
positive sign of the dispersion slope and mediocre 
bending and microbending performance, which prevents 
compensation over a very wide band, i.e. compensation 
over a plurality of spectral bands at one and the same 
time because of the excessively high level of bending and 
microbending losses that would result at high 
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wavelengths, which would not be the case with two HOM 
multimode optical fibers. In the case of this kind of 
combination of multimode HOM compensation optical fiber 
with single mode fiber, whether single-mode compensation 
5 optical fiber or standard single-mode or non-zero 

dispersion shifted compensation optical fiber, the figure 
of merit of the chosen HOM multimode optical fiber must 
be much higher and is therefore more difficult to achieve 
than that which is necessary in the absence of single- 

10 mode compensation optical fiber, for comparable values of 
the quality criterion. 

Consider two fibers having respective lengths £l and 
f 2 , respective coefficients of attenuation per unit 
length al and a2 , and a connection loss pc between the 

15 two fibers. The average coefficient of attenuation per 
unit length am of all of the compensation optical fibers 
in series has the value am = (al.^1 + a2.^2 + pc) / {£l + 
i2) . This type of calculation of the average attenuation 
coefficient can be generalized to more than two 

20 compensation optical fibers in series. Only the average 
coefficient of attenuation, which is a special case of 
the optical fiber parameters, is calculated in this 
manner, and all the other average parameters are 
calculated in other ways. 

25 Consider two optical fibers with respective lengths 

£l and £2 and respective chromatic dispersions per unit 
length cl and c2 . The average chromatic dispersion per 
unit length cm of all of the compensation optical fibers 
in series has the value cm = {cl.il + c2..^2)/(^l + £2) , 

30 This type of average chromatic dispersion calculation can 
be generalized to more than two compensation optical 
fibers in series. All the other average parameters, with 
the exception of the average coefficient of attenuation, 
the average chromatic dispersion to dispersion slope 

35 ratio, and the average figure of merit, are calculated in 
this manner, namely, the average dispersion slope, the 
average effective area, and the average second order 
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coefficient, conventionally designated 1x2, of the 
refractive index of the optical fiber as a function of 
the intensity of the optical signal propagating in the 
optical fiber. The average chromatic dispersion to 
5 dispersion slope ratio is the ratio between the average 
chromatic dispersion and the average dispersion slope. 
The average figure of merit is the negative of the ratio 
between the average chromatic dispersion and the average 
coefficient of attenuation. 

10 There is an exact non-linearity criterion formula in 

the case of two compensation optical fibers in series, 
referred to as optical fiber a and optical fiber b, for 
example. The exponents a and b of the various parameters 
represent those parameters for the optical fibers a and 

15 b, respectively. 

The exact formula, in which rj^=r-„jg^in the case of 

two compensation optical fibers in series, is as follows: 
NLC = 1 00 • ( ^ [1-10 ] + — ^ [1-10 ]) 

^eJT ^DCF ^eff ^ DCF 

However, approximate formulas obtained from the 
20 average parameters of the compensation optical line yield 
excellent results that are very similar to those obtained 
using the exact formula. This is why the approximate 
formula is used. 

The chromatic dispersion compensation module 
25 comprises a chromatic dispersion compensation optical 
line and an enclosure having an input terminal and an 
output terminal. The higher-order mode chromatic 
dispersion compensation optical line comprises one or 
more HOM multimode chromatic dispersion compensation 
30 optical fibers in series, does not comprise any single- 
mode optical fiber, is situated in the enclosure, and is 
disposed between the input terminal and the output 
terminal . An input mode converter converts the 
fundamental mode into said higher order mode and is 



situated between the input terminal and the compensation 
optical line. An output mode converter converts said 
higher order mode into the fundamental mode and is 
situated between the compensation optical line and the 
output terminal. The module is intended to be connected, 
by means of the input and output terminals, into a 
transmission line comprising a single-mode line optical 
fiber adapted to transmit information in a spectral 
domain of use. The input terminal and the input mode 
converter together introduce into the transmission line 
an input loss Fin expressed in dB . The output terminal 
and the output mode converter together introduce into the 
transmission line an output loss Tout expressed in dB . If 
the compensation line comprises a plurality of 
compensation optical fibers in series^ additional 
connections between compensation optical fibers together 
introduce into the transmission line a connection loss 
Tinter expressed in dB. 

The compensation optical fiber, or the set of 
compensation optical fibers in series, has average 
parameters at a wavelength of 1550 nm including an 
average coefficient of attenuation aocp expressed in 
dB/km, an average chromatic dispersion Ddcf expressed in 
ps/nm-km and that is negative, an average dispersion 
slope Sdcf expressed in ps/nm^-km and that is negative, an 
average chromatic dispersion to dispersion slope ratio 
Ddcf/Sdcf expressed in nm, an average figure of merit FOMdcf 
expressed in ps/nm-dB and equal to -Ddcf/ccdcf (giving a 
value that is positive since Ddcf is itself negative) , an 
average effective area Aeff expressed in /im^ , and an 
average second order refractive index coefficient as a 
function of intensity n2 expressed in 10~^°m^/W. As 
already explained hereinabove, firstly the average 
coefficient of attenuation in the case of a single 
compensation optical fiber is lumped with the 
corresponding coefficient of attenuation of the single 
compensation optical fiber, and in the case of a set of 



compensation optical fibers in series, the average 
coefficient of attenuation is equal to the sum of the 
corresponding attenuation coefficients of the various 
compensation optical fibers weighted by their respective 
contributions to the total series length of the 
compensation optical fibers plus the ratio of the 
connection loss divided by said total length, and 
secondly each of the other average parameters in the case 
of a single compensation optical fiber is lumped with the 
corresponding parameter of the single compensation 
optical fiber and each of the other average parameters in 
the case of a set of compensation optical fibers in 
series is equal to the arithmetic mean of the 
corresponding parameters of the compensation optical 
fibers when weighted by the respective lengths of the 
compensation optical fibers. 

The module has insertion losses XL, 

where IL = • a^^F + + 

and where Ddcm = -13 60 ps/nm for compensating a 
standard single-mode line optical fiber or Ddcm = 
-680 ps/nm for compensating one example of a non-zero 
dispersion shifted single-mode line optical fiber. A 
standard segment of single-mode line optical fiber is 
approximately 80 kilometers (km) long, which gives an 
approximate cumulative chromatic dispersion of 
-1360 ps/nm for a standard single-mode line optical fiber 
or approximately -680 ps/nm for such an example of a non- 
zero dispersion shifted single-mode line optical fiber. 
Even for other examples of non-zero dispersion shifted 
single-mode line optical fiber having a cumulative 
dispersion slightly different from -680 ps/nm, evaluating 
the quality criterion with Ddcm = -680 ps/nm remains 
entirely valid. Moreover, to evaluate the quality of a 
module, the insertion losses are not the real insertion 
losses of the module, which could be relatively low if 
the module compensates only a portion of the cumulative 
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dispersion, but rather the insertion losses that the 
module would have if it fully compensated the cumulative 
dispersion with a length of compensation optical fiber 
slightly longer than the length required to compensate 
5 only part of the cumulative dispersion. Moreover, in the 
formulae for the quality criterion, and the non-linearity 
criterion, the cumulative dispersion is chosen to be 
-1360 ps/nm or -680 ps/nm depending on the type of 
single-mode line optical fiber to be compensated, but the 

10 module can also be used to compensate other values of 
cumulative dispersion or even to compensate only a 
portion of the cumulative dispersion. The insertion 
losses decrease as the figure of merit increases. The 
insertion losses remain constant for a constant figure of 

15 merit . 

To be able to compensate to within approximately 
±20% the chromatic dispersion to dispersion slope ratio 
of a standard single-mode line optical fiber, the 
compensation optical fiber or the set of compensation 

20 optical fibers in series has an average chromatic 

dispersion to dispersion slope ratio in the range 24 0 nm 
to 400 nm. To be able to compensate to within 
approximately ±10% the chromatic dispersion to dispersion 
slope ratio of a standard single-mode line optical fiber, 

25 the compensation optical fiber or the set of compensation 
optical fibers in series preferably has an average 
chromatic dispersion to dispersion slope ratio in the 
range 270 nm to 370 nm. 

To be able to compensate the chromatic dispersion to 

30 dispersion slope ratio of most non-zero dispersion 

shifted single-mode line optical fibers, the compensation 
optical fiber or the set of compensation optical fibers 
in series preferably has an average chromatic dispersion 
to dispersion slope ratio less than 200 nm. 

35 The module has a non-linearity criterion (NLC) 

representing non-linear effects, i.e. the effects of non- 
linear phase, in the particular case of constant losses 
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between the two amplifiers of the two- stage amplifier 
system, 



where NLC = = p . 

However, although less relevant in other 
5 amplification system structures, such as a single-stage 
amplifier system comprising only one amplifier, the non- 
linearity criterion would then continue to be of benefit 
anyway. This non-linearity criterion leads to a seeming 
paradox, namely that increasing the attenuation of an 

10 optical fiber at constant figure of merit reduces the 

non-linearity criterion and increases the performance of 
the module. The non-linearity criterion can even be 
reduced by reducing the figure of merit, provided that 
the attenuation is increased sufficiently without 

15 excessively degrading the effective area and the 
coefficient n2 . 

The module has a quality criterion CQ defined as 
follows: CQ = JL + lOlogNLC. The two contributions, 
namely the insertion losses' and the non-linearity 

20 criterion, are reduced to the same units and expressed in 
dB. The quality criterion CQ is representative of the 
overall quality of a compensation module. 

In particular, when integrating the compensation 
module into a two- stage amplification system, the quality 

25 criterion of the invention shows that it is beneficial to 
degrade slightly the insertion losses if the losses 
caused by non- linear effects and represented by the non- 
linearity criterion are improved proportionately more. 
For example, it is beneficial to increase the insertion 

30 losses by 1 dB if this reduces to 2 dB the contribution 
of the non-linearity criterion to the quality criterion. 
Since insertion losses between the two amplifiers of the 
two- stage amplification system are fixed, the only 
benefit of any reduction of the insertion losses below 

35 the fixed threshold is then the resulting reduction of 



non- linear effects, which can be obtained more easily by 
a significant reduction in the quality criterion 
associated with a slight increase in the insertion 
losses. Indeed, below the fixed threshold, a further 
reduction of the insertion losses would not lead to any 
improvement in the overall optical loss budget, as it 
would be canceled out by a corresponding increase in the 
attenuation of the attenuator; the only advantage 
associated with this reduction of the insertion losses is 
obtained in terms of ability to withstand non-linear 
effects, which ability can be improved more effectively 
and more easily by trading a slight increase in the 
insertion losses against a corresponding greater 
reduction of the non-linearity criterion. 

With a chosen constant figure of merit of the 
compensation optical fiber, reducing the quality 
criterion amounts to reducing the non-linearity 
criterion, as the insertion losses are constant at a 
constant figure of merit for the compensation optical 
fiber when the only parameters that vary are the 
parameters of the compensation optical fiber. Reducing 
the non-linearity criterion at constant figure of merit 
amounts to increasing the product of the attenuation 
multiplied by the effective area and divided by the 
coefficient n2 . Reducing n2 and increasing the effective 
area seems fairly natural, whereas increasing the 
attenuation of the compensation optical fiber seems 
somewhat paradoxical . 

Figure 1 is a diagram showing an example of a 
transmission line integrating a compensation module of 
the invention. The transmission line corresponds to a 
segment which, when periodically repeated and combined 
with send and receive devices, constitutes the 
communications system. The transmission line comprises 
in succession, in the propagation direction of the 
optical signal, a line optical fiber 1 and an 
amplification and compensation system 6. The 



amplification and compensation system 6 comprises in 
succession: an upstream amplifier 2, an attenuator 3, a 
compensation module 4 of the invention, and a downstream 
amplifier 5. Downstream from the downstream amplifier 5 
there is the line optical fiber 1 of the next segment. 
After propagating along the line optical fiber 1, the 
optical signal is amplified by the upstream amplifier 2, 
attenuated by the attenuator 3, has its chromatic 
dispersion compensated by the compensation module 4, and 
is amplified again by the downstream amplifier 5, before 
entering the next segment, i.e. the next transmission 
line. In a different embodiment the attenuator 3 and the 
amplifier 5 are omitted. 

Figure 2 is a diagram showing an example of a 
compensation module of the invention. The compensation 
module 4 comprises an enclosure 49 containing in 
succession: an input terminal 41, an upstream mode 
converter 46, a chromatic dispersion compensation optical 
line 40, a downstream mode converter 47, and an output 
terminal 42. The compensation optical line 40 can 
comprise one or more optical fibers in series 
interconnected by connectors . The upstream mode 
converter 46 converts most of the light energy 
propagating in the LPoi fundamental mode to a higher-order 
mode, for example LP02 . The downstream mode converter 47 
converts most of the light energy propagating in the 
higher-order mode LP02 to the fundamental mode LPqi . In 
Figure 2, for example, the compensation optical line 40 
comprises two compensation optical fibers 43 and 45 
connected together by a connector 44. On the upstream 
side, at the output of the attenuator 3, the optical 
signal enters via the input terminal 41, is converted 
from the fundamental mode to a higher- order mode by the 
upstream converter 46, propagates in the compensation 
optical fiber 43, passes through the connector 44, 
propagates in the compensation optical fiber 45, is 
converted from said higher- order mode to the fundamental 
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the junction between the HOM multimode compensation 
optical fiber and the single-mode compensation optical 
fiber (for prior art modules of the second kind in which 
the output converter is in fact situated between the two 
5 compensation optical fibers) , and the output loss at the 
output terminal of the compensation module, which are 
respectively denoted Fin, Fincer and Tout/ and which are 
expressed in dB . The next column gives the insertion 
losses of the compensation module, which are denoted XL 

10 and are expressed in dB . The next column gives the 

effective area of the compensation optical fiber, which 
is denoted Aeff and is expressed in /xm^ . The next column 
gives the average second order coefficient of the 
refractive index of the compensation optical fiber as a 

15 function of the intensity of the optical signal that 

propagates therein, which is denoted n2 and is expressed 
in 10"^^ m^/W. The next column gives the non-linearity 
criterion of the compensation module, which is denoted 
NLC and is expressed in 10"^ km/W-dB. The next column 

20 gives the quality criterion of the compensation module, 
which is denoted CQand is expressed in dB. 

Compensation modules in accordance with the first 
aspect of the invention do not use single-mode 
compensation optical fiber in the compensation module and 

25 either have a quality criterion that is lower, and 

therefore better, than the prior art modules or else, for 
an equivalent quality criterion, they use optical fibers 
that have a figure of merit that is much lower and which 
are therefore much less costly to produce. 

30 The example Al is excluded from the first aspect of 

the invention because the quality criterion is too high 
and therefore too poor. 

Compensation modules of the invention preferably 
have a very good quality criterion; to this end, the 

35 compensation optical fiber or the set of compensation 
optical fibers in series has an average chromatic 
dispersion that is sufficiently negative for the quality 
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criterion to be less than 9 dB. 

Compensation modules of the invention preferably 
have an excellent quality criterion; to this end, the 
compensation optical fiber or the set of compensation 

5 optical fibers in series has an average chromatic 

dispersion that is sufficiently negative for the quality 
criterion to be less than 8.5 dB . 

The insertion losses are preferably less than 5 dB, 
which is highly beneficial in the particular case of an 
10 amplification and compensation system using only one 
amplifier . 

To facilitate improving the quality criterion, at 
least one of the compensation optical fibers in the 
compensation optical line preferably has a core having at 
15 least four core segments, to which core cladding is 
added . 

To be able to improve the quality criterion whilst 
achieving good linearity as a function of wavelength of 
the average chromatic dispersion to dispersion slope 

20 ratio, at least one of the compensation optical fibers in 
the compensation optical line has a core having at least 
five core segments, to which core cladding is added. 

Figure 4 is a table comparing the relative 
performance of prior art compensation modules and 

25 examples of compensation modules in accordance with the 
invention in the case of compensating a non-zero 
dispersion shifted single-mode line optical fiber. The 
first column gives the numbers of the compensation module 
examples. The prior art compensation module examples are 

30 numbered Bl, B2 , CI, C2 , C3 . The examples of 

compensation modules in accordance with the invention are 
numbered A5 , A6 , A7 . Examples Bl and B2 correspond to 
modules combining in series two compensation optical 
fibers, one of which is an HOM multimode fiber and the 

35 other of which is a single-mode fiber, all the optical 

fiber characteristics set out in the table corresponding 
to the characteristics of the HOM multimode compensation 
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optical fiber. The next column gives the negative of the 
cumulative chromatic dispersion of the line optical 
fiber, which is the negative of the chromatic dispersion 
that would have to be compensated in order to fully 
5 compensate 80 km of the line optical fiber; it is denoted 
Ddcm and is expressed in ps/nm. The cumulative chromatic 
dispersion of a non-zero dispersion shifted single-mode 
line optical fiber is lower than the cumulative chromatic 
dispersion of a standard single-mode line optical fiber 

10 because its chromatic dispersion is lower. The next 

column gives the chromatic dispersion of the compensation 
optical fiber, which is denoted Ddcf and expressed in 
ps/nm-km. The next column gives the dispersion slope of 
the compensation optical fiber, which is denoted Sdcf and 

15 is expressed in ps/nm^-km. The next column gives the 

average chromatic dispersion to dispersion slope ratio of 
the compensation optical fiber, which is denoted Ddcf/Sdcf 
and is expressed in nm. The next column gives the 
coefficient of attenuation of the compensation optical 

2 0 fiber, which is denoted aocp and is expressed in dB/km. 

The next column gives the figure of merit of the 
compensation optical fiber, which is denoted FOMdcf and is 
expressed in ps/nm-dB, The next three columns 
respectively give the input loss at the input terminal of 

25 the compensation module, the connection loss if any at 
the junction between the HOM multimode compensation 
optical fiber and the single-mode compensation optical 
fiber (for prior art modules of the second type in which 
the output converter is in fact situated between the two 

30 compensation optical fibers) , and the output loss at the 
output terminal of the compensation module, which are 
respectively denoted Fin, Tinter and Pout and which are 
expressed in dB . The next column gives the insertion 
losses of the compensation module, which are denoted IL 

3 5 and are expressed in dB. The next column gives the 

effective area of the compensation optical fiber, which 
is denoted Aeff and is expressed in fim^ . The next column 



gives the average second order coefficient of the 
refractive index of the compensation optical fiber as a 
function of the intensity of the optical signal that 
propagates in the fiber, which is denoted na and is 
expressed in 10"^° m^/W. The next column gives the non- 
linearity criterion of the compensation module, which is 
denoted NLC and is expressed in 10"^ km/W-dB. The next 
column gives the quality criterion of the compensation 
module, which is denoted CQ and is expressed in dB . 

Compensation modules of the invention have a quality 
criterion which is much lower than and therefore much 
better than the prior art modules: there is a difference 
of approximately 1 dB between the worst compensation 
module obtained by the method of the invention and the 
best compensation module obtained in the prior art. An 
improvement of 1 dB is already considerable. 

The invention preferably relates to compensation 
modules having a very good quality criterion; to this 
end, the compensation optical fiber or the set of 
compensation optical fibers in series has average 
chromatic dispersion that is sufficiently negative for 
the quality criterion to be less than 5 dB . 

The invention preferably relates to compensation 
modules having an excellent quality criterion; to this 
end, the compensation optical fiber or the set of 
compensation optical fibers in series has average 
chromatic dispersion that is sufficiently negative for 
the quality criterion to be less than 4.5 dB . 

The insertion losses are preferably less than 4 dB, 
which is highly beneficial in the particular case of an 
amplification and compensation system using only one 
amplifier . 

To be able to improve the quality criterion whilst 
achieving good linearity as a function of wavelength of 
the average chromatic dispersion to dispersion slope 
ratio, at least one of the compensation optical fibers in 
the compensation optical line has a core having at least 
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four core segments, to which core cladding is added. 

This is a difference compared to a compensation 
module for a standard single-mode line optical fiber, 
which necessitates at least five core segments under the 
5 same conditions, as the chromatic dispersion to 

dispersion slope ratio of a standard single-mode line 
optical fiber is generally higher than that of a non-zero 
dispersion shifted line optical fiber. 

To be able to improve the quality criterion whilst 

10 achieving good linearity as a function of wavelength of 
the average chromatic dispersion to dispersion slope 
ratio when said ratio is very high, that is to say 
greater than 200 nm, at least one of the compensation 
optical fibers in the compensation optical line has a 

15 core having at least five core segments, to which core 
cladding is added. 

Figure 5 is a diagram showing a family of curves 
plotting the variation in the quality criterion as a 
function of the figure of merit of the compensation 

20 optical fiber at a chosen constant chromatic dispersion 
for the compensation optical fiber and in the case of 
compensating a standard single-mode line optical fiber. 
The general trends of the curves shown in Figure 5 apply 
equally to compensating a non-zero dispersion shifted 

25 line optical fiber. The quality criterion CQ expressed 
in dB is plotted up the ordinate axis. The figure of 
merit FOMdcf expressed in ps/nm-dB is plotted along the 
abscissa axis. The curve CA corresponds to a chromatic 
dispersion of -3 00 ps/nm-km. The curve CB corresponds to 

30 a chromatic dispersion of -350 ps/nm-km. The curve CC 
corresponds to a chromatic dispersion of -400 ps/nm-km. 
By their relatively shallow slope and their relatively 
wide spacing, the curves CA, CB, CC show that in order to 
reduce the quality criterion, and thus improve it, it is 

35 more effective to reduce the chromatic dispersion of the 
compensation optical fiber at constant figure of merit 
than to increase the figure of merit of the compensation 



optical fiber at constant chromatic dispersion. This is 
all the more true if the figure of merit is high and in 
particular greater than a value of approximately 
300 ps/nm-dB. 

To obtain a simpler compensation module, the 
compensation optical line preferably comprises a single 
optical fiber connecting the input terminal to the output 
terminal. A plurality of compensation optical fibers in 
series provides better compensation of the dispersion 
slope of the line optical fiber, at the cost of some 
complexity . 

The signal amplification and chromatic dispersion 
compensation system preferably comprises in succession a 
first signal amplifier, a signal attenuator, a chromatic 
dispersion compensation module of the invention, and a 
second signal amplifier. 

In another preferred embodiment, the signal 
amplification and chromatic dispersion compensation 
system comprises a single signal amplifier followed by a 
chromatic dispersion compensation module of the 
invention. 

Because of the very good quality criteria of 
compensation modules of the invention, which are better 
than those of the prior art, and much better than those 
of compensation modules based only on single -mode 
compensation optical fibers, it is possible to use a 
compensation module with only one amplifier. 

The transmission line preferably comprises in 
succession a single-mode line optical fiber for 
transmitting information in a spectral range of use and a 
signal amplification and chromatic dispersion 
compensation system of the invention. 

Figure 6 is a table of absolute maximum index 
difference and radius values for a few examples of 
profiles of HOM multimode compensation optical fibers 
used in a compensation module of the invention. The 
left-hand column identifies the profiles Al to A7 . The 



numbers Al to A7 are the same as in Figures 3 and 4 : two 
numbers that are the same correspond to the same 
compensation optical fiber. The second column indicates 
the number of core segments in the core index profile of 
the example concerned. The next six columns give the 
radii in fim of the varying core index profile. The last 
six columns give one thousand times the index difference 
relative to the constant index of the cladding (no 
units) . Not all the boxes of the table are filled in, as 
not all the profiles have the same number of core 
segments. Negative index differences indicate buried 
core segments. 

Figure 7 is a table of other properties of profiles 
of the HOM multimode compensation optical fibers shown in 
Figure 6. The boxes of this table that contain no figure 
but only a dash correspond to properties that are so bad 
that they render the optical fiber unusable at the 
wavelength concerned or in the operating spectral range 
concerned. The left-hand column identifies the profiles, 
as already explained hereinabove. The next column gives 
the number of core segments in each profile. For each 
profile, the other columns give properties of the optical 
fiber corresponding to the profile concerned. The next 
column gives the effective area Aeff expressed in fxm^ at a 
wavelength of 1550 nm. The next column gives the 
chromatic dispersion expressed in ps/nm-km at a 
wavelength of 1550 nm. The next seven columns give the 
dispersion slopes expressed in ps/nm^-km at the 
wavelengths of 1530 nm, 1550 nm, 1565 nm, 1570 nm, 1580 
nm, 1590 nm, 1605 nm, respectively. The next column 
gives the minimum chromatic dispersion wavelength 
expressed in nm. The last three columns give the maximum 
relative slope variations expressed as a percentage for 
respective operating spectral ranges in the range 1530 nm 
to 1565 nm, in the range 1530 nm to 1580 nm, and in the 
range 153 0 nm to 1605 nm. The relative variation in the 
dispersion slope over an operating spectral range 
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corresponds to the quotient obtained by dividing the 
difference between the maximum dispersion slope over said 
operating spectral range and the minimum dispersion slope 
over said operating spectral range by the average 
5 dispersion slope over said operating spectral range. The 
poor results in the last column correspond to maximum 
relative variations of slope that are much higher than 
those in the other columns, and can be explained in 
particular by minimum chromatic dispersion wavelengths 

10 that are too close to the upper limit of the operating 
spectral range concerned. 

Examples A2 and A6 are excluded from the second 
aspect of the invention because the linearity of the 
dispersion slope as a function of wavelength is 

15 relatively poor, as is the linearity of the chromatic 
dispersion to dispersion slope ratio. These examples 
have only three core segments . 

Example Al is excluded from the second aspect of the 
invention because the negative chromatic dispersion is 

20 not sufficiently negative. This example has only four 
core segments . 

With fewer than five core segments, it in fact seems 
impossible to reconcile a very highly negative chromatic 
dispersion with a very high chromatic dispersion to 

25 dispersion slope ratio with very good linearity as a 
function of wavelength. 

With fewer than four core segments, it in fact seems 
impossible to reconcile a very highly negative chromatic 
dispersion with a high chromatic dispersion to dispersion 

3 0 slope ratio having very good linearity as a function of 
wavelength. 

Figure 8 is a diagram showing an example of a core 
profile with four core segments of an HOM multimode 
compensation optical fiber used in a compensation module 
3 5 of the invention. The radii expressed in /xm are plotted 
along the abscissa axis. One thousand times the index 
differences is plotted up the ordinate axis (no units) . 



36 



The first core segment, also known as the central core 
segment, has a maximum index difference Anl with respect 
to the constant index of the cladding and an outside 
radius rl . The maximum index difference Anl is positive. 
5 The index is preferably constant between a zero radius 
and the radius rl . The second core segment, also known 
as the first peripheral core segment, has an absolute 
maximum index difference value An2 with respective to the 
constant index of the cladding and an outside radius r2 . 

10 The absolute maximum index difference value An2 can be 
positive or negative. The index is preferably constant 
between the radius rl and the radius r2 . The third core 
segment, also known as the second peripheral core 
segment, has an absolute maximum index difference value 

15 An3 with respect to the constant index of the cladding 
and an outside radius r3 . The absolute maximum index 
difference value An3 can be positive or negative. The 
index is preferably constant between the radius r2 and 
the radius r3 . The fourth core segment, also known as 

2 0 the third peripheral core segment, has an absolute 

maximum index difference value An4 with respect to the 
constant index of the cladding and an outside radius r4 . 
The absolute maximum index difference value An4 can be 
positive or negative. The index is preferably constant 
25 between the radius r3 and the radius r4 . Beyond the 
radius r4 is the constant index cladding. 

Figure 9 shows diagrammatically one example of a 
core profile with five core segments of an HOM multimode 
compensation optical fiber used in a compensation module 

3 0 of the invention. The radii expressed in /xm are plotted 

along the abscissa axis. One thousand times the index 
differences is plotted up the ordinate axis (no units) . 
The first core segment, also known as the central core 
segment, has an absolute maximum index difference value 
35 Anl with respect to the constant index of the cladding 
and an outside radius rl . The maximum index difference 
Anl is positive. The index is preferably constant 
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between a zero radius and the radius rl . The second core 
segment, also known as the first peripheral core segment, 
has an absolute maximum index difference value An2 with 
respective to the constant index of the cladding and an 
5 outside radius r2 . The absolute maximum index difference 
value An2 can be positive or negative. The index is 
preferably constant between the radius rl and the radius 
r2 . The third core segment, also known as the second 
peripheral core segment, has an absolute maximum index 

10 difference value An3 with respect to the constant index 
of the cladding and an outside radius r3 . The absolute 
maximum index difference value An3 can be positive or 
negative. The index is preferably constant between the 
radius r2 and the radius r3 . The fourth core segment , 

15 also known as the third peripheral core segment, has an 
absolute maximum index difference value An4 with respect 
to the constant index of the cladding and an outside 
radius r4 . The absolute maximum index difference value 
An4 can be positive or negative. The index is preferably 

2 0 constant between the radius r3 and the radius r4 . The 
fifth core segment, also known as the fourth peripheral 
core segment, has an absolute maximum index difference 
value An5 with respect to the constant index of the 
cladding and an outside radius r5 . The absolute maximum 

25 index difference value An5 can be positive or negative. 
The index is preferably constant between the radius r4 
and the radius r5 . Beyond the radius r5 is the constant 
index cladding. 



